Platinum supported on zirconium dioxide catalyst was prepared by standard method and characterized by SEM, EDX, XRD, BET surface area and pore size analyzer, and FT-IR. The catalyst was screened for its catalytic activity in a model reaction, selective oxidation of cyclohexanol. The only one major product, cyclohexanone 31%, with 99.8% selectivity was obtained. Experimental data was analyzed through different kinetic models and we deduced that the reaction follows Langmuir-Hinshelwood mechanism. The apparent activation energy for the model reaction was calculated as 45 kJ/mole. The catalyst was regenerated several times with same efficiency.
Introduction
The oxidation reaction involving the conversion of alcohol with molecular oxygen to the corresponding carbonyl compounds has vital role in laboratory as well as in chemical industries [1, 2] . It provides a green rout for the production of fine chemicals [3] . Cyclohexanone is quite important intermediate in the synthesis of caprolactam which is used in the production of nylon 6 and nylon 6, 6 . It is used as a solvent in a coating process, as well as a plasticizer, food additive, and pharmaceutical. Besides this some other applications of cyclohexanone are being as raw materials in the production of insecticides and herbicides [4] [5] [6] . Due to the importance of this catalytic conversion the researchers are interested in developing such a pathway which is nontoxic and simple with low cost and high % yield.
Commonly, different kinds of methods are known for the large scale production of cyclohexanone by the conversion of cyclohexanol [7, 8] . Nevertheless, the new methods are gaining much attention of the researchers, because of the importance of the desired products. Formally, the researchers made efforts for the catalytic transformation of alcohol to the corresponding product, by the use of strong oxidants such as manganese, chromium complexes, mineral acids, tert-butyl hydroperoxide, ruthenium oxide, selenium dioxide, hydrogen peroxide, nitric acid, permanganates, and molecular oxygen. These reagents are toxic, corrosive, expensive, and unstable in normal condition and may produce by-products [9] [10] [11] . Hence, to overcome these problems it is required to change the conventional route of oxidation heterogeneous catalyst (noble metal catalyst by solid support) and molecular oxygen as an oxidant which are much cleaner technologies [12] . In the heterogeneous system, we can recover and reuse the catalyst.
The Ru hydroxyapatite, Pd hydroxyapatite, and Ru/Al 2 O 3 are reported heterogeneous catalysts in the literature [13] . However, these catalysts work only at elevated reaction condition which is undesirable. Parentis et al. reported the oxidation of cyclohexanol in the presence of chromium supported on silica by tert-butyl hydroperoxide as an oxidant; approximately 40% conversions were achieved but the oxidant is very toxic. Various gold based heterogeneous catalysts have been reported such as Au supported on CeO 2 , Au-Pd on titanium dioxide, and Au/Ga 3 Al 3 O 9 but these catalysts require high reaction temperature [14] [15] [16] [17] .
Currently, a zirconium dioxide is used as catalyst and catalyst support and gains much attention, because of its high 2 Journal of Chemistry thermal stability and the presence of both acidic and basic characters on its surface. As a support, zirconium dioxide has been superior to others [18, 19] . The sites (acidic and basic) coexist on the surface of zirconia and can interact both cooperatively and independently, based on reactions. Nakano and coworkers studied the surface properties of zirconia [20] . Metals doped zirconia has been reported for different type of reactions such as isomerization and oxidation [19] . In the present study, for the first time we have used platinum supported on zirconium dioxide as a catalyst for oxidation of cyclohexanol to cyclohexanone using molecular oxygen as an oxidant.
Experimental
2.1. General. Octa-hydrated zirconium oxychloride, PtCl 4 , cyclohexanol, and cyclohexanone were purchased from Merck and GPR (BDH), respectively. All the chemicals were of high purity and further purification was not essential. Double distilled water was used in this whole work. The gases (nitrogen and oxygen) used in the present study were bought from BOC Pakistan, Ltd. For further purification of the gases, nitrogen and oxygen, suitable filters (C.R.S.Inc.202268, C.R.S.Inc.202223) were used, respectively.
Preparation of the Catalyst.
Monoclinic zirconia was used as a support for the platinum catalyst, which was prepared from 0.25 molar aqueous solution of ZrOCl 2 ⋅8H 2 O by controlled titration against ammonia. White dense precipitate of Zr(OH) 4 was washed in modified soxhlet apparatus for attaining Cl − free sample. The precipitate was then dried in an oven, grinded, meshed (passing from 170 and retained at 200 US standard mesh sieves), and calcined at 1023 K in the muffle furnace at a heat ramp of 273.5 K/min for 3 hrs.
The catalyst (0.01 wt% Pt/ZrO 2 ) was prepared by incipient wetness technique. 2 mL aqueous solution of PtCl 4 (5.1 × 10 −5 M) was added to 9.99 g of zirconia. The paste of the prepared sample was dried overnight in an oven at 383 K, grinded, and meshed (passing via 170 and retained at 200, US standard mesh sieves). The platinized zirconia was thus obtained after calcination at 1023 K at a rate of 273.5 K/min for 3 hrs. The resulting catalyst was stored in desiccator.
2.3.
Characterization of the Catalyst. 0.01 wt% Pt/ZrO 2 was characterized by modern techniques. SEM images of the sample were recorded on SEM "model: JSM5910; manufacturer: JEOL, Japan; energy: 30 KV; magnification (Max): 300,000x; resolving power (Max): 2.3 nm; sample: solid (powder or bulk)." XRD of the sample was determined by X-ray diffractometer "model: JDX-3532; make: JEOL, Japan; voltage: 20-40 kV; current: 2.5-30 mA; X-rays: CuKa ( = 1.5418Å); 2 theta-range: 0 to 160 ∘ ; sample: solid (powder or bulk)." EDX of the catalyst was performed on Energy Dispersive Spectroscopy "INCA200/Oxford Instruments, UK; analysis range: boron to uranium." BET surface area of the samples was analyzed by surface area and pore size analyzer "model: NOVA2200e; make: Quantachrome, USA; adsorbate: nitrogen; sample: solid (powder)." FT-IR spectra of the catalysts were recorded by Fourier Transform Infrared Spectrophotometer "IR Prestige, Shimadzu Japan."
Catalytic Oxidation of Cyclohexanol.
Solvent-free liquid phase oxidation of cyclohexanol was performed in a threenecked single walled reactor connected with a reflux condenser and a magnetic stirrer. The reactor was wrapped by a heating cord linked to Digi-Sense Temperature Controller (Cole-Parmer, USA) while temperature was controlled by a K type Thermocouple located between the reactor and the heating cord. In a typical experiment the reactor was charged with 10 mL of cyclohexanol, and the catalyst was 0.03-0.2 g. The temperature of the mixture was raised from 323 to 353 K while the oxidant (molecular oxygen) was bubbled in the mixture for 0.25-6 hrs. Gravimetric analysis and UV spectrophotometer were used for the progress of reaction run. The reaction mixture was analyzed by GC (PerkinElmer, Clarus 580, USA) equipped with FID detector.
Results and Discussion

3.1.
Characterization of the Catalyst. The particle size of the catalyst was in the range of 74-88 according to US standard sieves while the surface area of zirconia and 0.01 wt% Pt/ZrO 2 was 52.7 m 2 /g and 50.4 m 2 /g, respectively. Decrease in the surface area of platinized zirconia is perhaps due to the blockage of surface pores of zirconia by platinum. SEM photographs at different magnification clearly reveal the presence of platinum particles on the surface of support as shown in Figure 1 . The EDX spectrum of the platinized zirconia is presented in Figure 2 , which shows that the catalyst only consists of platinum and zirconia in its structure.
X-ray diffraction spectrum of platinized zirconia is given in Figure 3 . The sample shows the characteristic peaks due to zirconia that originated from crystal phase and can be seen at 2 = 28.2 ∘ and 2 = 31.4 ∘ belonging to monoclinic phase of zirconia [21] while peaks responsible for platinum were not seen in the XRD spectrum due to low loading. The infrared spectra of fresh monoclinic zirconia have a sharp band at 746 cm −1 which is responsible for monoclinic phase zirconia and has a good agreement with XRD results, while spectra of Pt/ZrO 2 being used for oxidation of cyclohexanol to cyclohexanone show the presence of peaks responsible for C=O (1720) and O-H (3415-3444 cm −1 ) groups which reflect the presence of product material on the surface of catalyst as presented in Figure 4 .
Effect of Various Reaction Variables.
Usually the oxidation reaction was carried out in the presence of platinized zirconia 0.1 g and cyclohexanol 10 mL with molecular oxygen using three-necked single walled batch reactor. Although blank test was carried out in the same set of reaction parameters without catalyst loading, this shows the absence of spontaneous oxidation of cyclohexanol with molecular oxygen. Similarly, pure monoclinic zirconia was also checked for its catalytic activity with optimal reaction conditions (catalyst: 0.1 g, time: 6 hrs, temperature: 353 K, flow of oxygen: 40 mL/min, pO 2 : 760 torr, and cyclohexanol: 10 mL). Monoclinic zirconia was found active for catalytic oxidation of cyclohexanol and the results are quite consistent with reported value of activity and selectivity [22] as shown in Table 1 .
The effect of time on conversion of cyclohexanol to cyclohexanone was monitored periodically; these experiments were carried out in the range of different time intervals up to 6 hours at atm pressure of oxygen and 333 K temperature in a solvent-free condition. Reaction duration has a linear effect on the conversion of cyclohexanol as presented in Figure 5 . The maximum formation of desired product was achieved at 6 hours. Hence, 6 hours was selected to be the optimum reaction time. Furthermore, the effect of temperature, partial pressure of oxygen, and the amount of catalyst on the % conversion were investigated. To explore the effect of temperature on the oxidation processes of cyclohexanol in the presence of platinum supported on zirconia, the experiments were carried out at different temperature ranging from 323 to 353 K at 6 hours, flow, 40 mL/mn; pO 2 , 760 torr; amount of catalyst, 0.1 g; and cyclohexanol, 10 mL. When temperature increases the percent conversion of cyclohexanol also increases, as presented in Figure 6 . Activation energy of the oxidation reaction was calculated from the Arrhenius plot as shown in Figure 7 . The apparent activation energy was calculated as ≈ 45 kJ/mol. From the experimental activation energy, it can be emphasized that the reaction is kinetic controlled.
The % conversion of cyclohexanol was affected by the amount of catalyst loaded to a batch reactor for the individual run; as the loading of catalyst increases the percent conversion of cyclohexanol increases linearly till 0.11 g, while from 0.11 g to 0.2 g the increase of percent conversion was somewhat flattened as presented in Figure 8 . Probably the observed trend was due to the availably of surface active sites.
The effect of the partial pressure of oxygen on the percent conversion of cyclohexanol was monitored in the range of 95-760 torr. The increase in percent conversion of cyclohexanol to cyclohexanone with increase of pO 2 clarifies the fact that reaction is oxygen dependent and excludes the probability of oxidative dehydrogenation. Figure 9 reveals that the % conversion of cyclohexanol to cyclohexanone increased substantially with the increase in the pO 2 up to 570 torr, while further increase in the pO 2 may not enhance further the percent conversion of cyclohexanol. This effect may be due to the surface courage of the catalyst with oxygen so that, at 760 torr pO 2 , the surface is almost completely covered, and no more oxygen could be accommodated on the surface [22] . were modified and used for the elucidation of reaction kinetics. Among these three models only Langmuir-Hinshelwood (L-H) model was found appropriate for the proposed reaction. According to L-H mechanism, both cyclohexanol and oxygen first transport to the surface of the catalyst and get adsorbed. On the surface of the catalyst the adsorbed cyclohexanol and oxygen transform to products, desorb, and then transport away from the catalyst from the surface.
According to L-H model, the rate of reaction is proportional to the fraction of the surface covered by reacting species, as
where is rate constant, CyOH is surface covered by cyclohexanol, and O 2 is surface covered by molecular oxygen. The rate equation for L-H mechanism can be given as
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where CyOH and O 2 are the adsorption equilibrium constants for cyclohexanol and oxygen, respectively. Equation (2) represents competitive adsorption, while (3) represents noncompetitive adsorption. And = 1 or = 1/2 is used for nondissociative or dissociative adsorption of oxygen, respectively. Using = 1 at constant CyOH concentration in (2) and (3) will be changed by putting together the entire constants as (4) and (5)
The experimental data was subjected to the kinetic analysis using Microsoft office 2010 software. The experimental data was applied to (5) 
Conclusion
0.01 wt% Pt/ZrO 2 was found to be active catalyst in the oxidation of cyclohexanol to cyclohexanone in the presence of molecular oxygen as an oxidant. The catalyst was found more efficient and selective for the proposed model reaction than the reported catalyst. This heterogeneous system can be considered as an eco-friendly chemical process due to the use of clean oxidant, mild reaction conditions, and easily separable and reusable catalyst.
